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INTRODUCTION

Our long range goal is to understand the macromolecular interactions responsible for
the integration of HIV DNA into human chromosomes with the specific purpose of identify-
ing compounds that block integration. Since integration is an early step in the retroviral life
cycle, blocking integration prevents cells from becoming infected. Moreover, integration is
not a part of normal cell physiology; consequently, compounds that block integration should
be good candidates as therapeutic agents for AIDS. What follows in this section is a brief
review of relevant biochemical aspects of retroviral integration and an outline of our experi-
mental rationale.

Integration of viral DNA into the host chromosome is both an essential and unique
step of the retroviral life cycle. Since integration is an early step, understanding the
integration event may lead to the development of inhibitors that can block it and prevent
cells from becoming infected. Moreover, since integration is not a part of normal cell phy-
siology, compounds that block integration should be good candidates as therapeutic agents
for AIDS. In combination with agents that inhibit reverse transcriptase (RT), drugs inhibit-
ing integration should make it possible not only to inhibit viral replication to a much greater
extent than is now possible but also to lower the therapeutic doses of both inhibitors.
Since the commonly used RT inhibitors have significant toxicity, this could lead to a sub-
stantial improvement in AIDS therapy.

Genetic analyses have identified three regions of the viral genome required for
integration (reviewed in [36]). One is the 3' end of pol, which encodes the viral integrase
(9, 21, 25, 29). The other two regions are the viral targets of integrase, the ends of viral
DNA (5, 6, 20). Integrase carries out a two-step reaction, first trimming two base pairs
from the 3' ends of the viral DNA and then inserting this trimmed viral genome into the
host chromosome (2, 13, 14, 27). Both reactions appear to take place while the viral DNA
is part of a protein-DNA complex commonly called a core (1, 11). This complex is stable
and can be purified from infected cells by gel filtration or sucrose gradient centrifugation.
After extensive purification, integrase is the only viral protein still associated with the viral
DNA; the purified complex is integration-competent (12). The trimming and integrating
activities of integrase are also detected using Pxogenous DNA and partially purified
preparations of avian (17), murine (8), or HIV-1 integrase (3, 4, 30).

Following reverse transcription, infected cells contain three forms of viral DNA, one
linear form, containing a complete LTR at each end, and two circular forms, containing one
LTR or two directly repeated, tandem LTRs. Thus the topological form of the %,;ral DNA
substrate for integration was not initially obvious. Early in vivo studies with an avian virus
had suggested that the 2-LTR circle was the precursor for integration (22). However, it is
now clear that this is not a general phenomenon (10, 19) and that integrar. carries out its
reaction with a linear DNA substrate (2, 13, 14, 27). The first step in tie reaction is the
removal of two base pairs at the 3' ends of the LTRs to produce a recombinogenic inter-
mediate with a 2 bp 5' overhang, CA, a sequence highly conserved among all retroviruses
(35). The 3' hydroxyl ends of the LTRs are then transferred to the 5' ends of the target
DNA (13). Cleavage of the target, as for procaryotic transpo,able elements, involves a
pair of staggered nicks that are eventually repaired to generate a target duplication whose
length is characteristic of the element; for HIV-1 it is 5 bp (38). A low-specificity endonu-
cleolytic activity of integrase (30) could be responsible for making the required staggered
cuts in the host DNA.
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The recombination reaction catalyzed by retroviral integrase resembles that of bac-
teriophage Mu (13). The polarity of the initial strand transfer is the same for both reac-
tions, as is the lack of a requirement for an external energy source or for superhelicity of
one of the recombining partners. For a number of other site-specific recombination reac-
tions, the energy derived from cleavage of the element's ends is conserved via a transient
covalent protein-DNA intermediate. For Mu, as for integrase, cleavage of the viral ends
can be completely uncoupled from the strand transfer reaction; both reactions will occur
with pre-cleaved donor molecules (1, 7, 13). Thus, the energy required for formation of the
new phosphodiester bonds cannot be derived from cleavage of the viral ends, and has
therefore been suggested to be derived from cleavage of the target DNA (13). This could
proceed via a covalent intermediate between the protein and the target DNA; this question
has not yet been settled.

We have focused on developing in vitro assays for integrase that would circumvent
the problems inherent in handling large amounts of infectious material. To this end, we
have developed vectors to overexpress the IN protein and a DNA substrate, as described
in our midterm report. We have succeeded in purifying IN protein from these vectors and
in establishing in vitro trimming and integration assays, as discussed below. Recently, we
have begun work on a bacterial assay for integrase that we believe holds great promise for
screening of inhibitors and for selection of integrase mutants. As an outgrowth of this work
we also initiated studies on anti-integrase ribozymes, RNA molecules that seek and
specifically destroy other RNA molecules. Our work showed that intracellular ribozymes
are very effective in bacteria. This opens the way to using bacterial systems to refine anti-
HIV ribozymes.

BODY
A. Absence of C-terminal processing of HIV-1 Integrase. We showed that, unlike

Rous sarcoma virus, HIV-1 integrase is not processed at its carboxy terminus in vivo. This
result is important in designing cloning strategies in which the goal is to produce bonafide
integrase. These results were detailed in the midterm report.

B. Expression of HIV-1 integrase in baculovivus vectors. In preparation for
biochemical studies of integrase we have been working with two expression systems, one
in insect cells and one in Escherichia coi. Two expression strategies were used. In one,
an artificial AUG was used to initiate translation of integrase, placing an extra methionine
at the amino terminus of the protein. In the other, the natural form of integrase was pro-
cessed in insect cells from the pol polyprotein by HIV-1 protease. In the midterm report we
described in detail the constructions and the expression of integrase from both constructs.
The major conclusions were 1) the int clone, vMPD50, produced much greater amounts of
integrase than did the pol clone, vMPD32, and 2) cells infected with the pol construct lose
viability at an earlier time than those infected with either int or the wild-type baculovirus, as
determined by trypan blue permeability at various times after infection. Thus, expression of
HIV-1 protease or reverse transcriptase or both may reduce the viability of these cells.

C. N-terminal sequencing. We have confirmed the sequence of the first 14 resi-
dues of the integrase produced by the int clone by N-terminal sequencing; confirmation of
the N-terminal sequence of the integrase produced by the pol clone has not been possible
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because of the much lower level of protein production by this clone.
D. Expression of recombinant Integrase from E. coll. We are also expressing

integrase in E. co/i from a clone, pLJS10, obtained from J. Groarke at Sterling Research
Group. Integrase is produced by this clone under control of a 17 promoter; it was con-
structed by inserting a PCR fragment corresponding to int (nt 4230-5097) into the T7 pro-
moter vector pET8c (26). The coding sequence contains two additional amino acids, Met-
Gly, at the N-terminus; N-terminal sequencing indicates that the methionine residue is
removed (J. Groake, personal communication). A time course of induction of integrase
expression from pLJS10 is shown in Fig. 1 (lanes 1-3). Also shown is the effect of
expression of T7 lysozyme, which inhibits T7 RNA polymerase (33), on the level of
integrase expression (Fig. 1, lanes 4-8).

Integrase is currently obtained from E. coil by preparation of insoluble inclusion
bodies, which are solublized with 4M urea in high salt buffer. This is followed by FPLC
using butyl sepharose. The resulting protein is about 90% pure, as judged by Coomassie
staining of polyacrylamide gels, and is substantially free of the contaminating nucleases
that prevent the protein from being assayed at an earlier stage.

E. Solubilization of integrase. HIV-1 integrase has a strong tendency to aggregate,
whether expressed in a bacterial (15, 30) or baculovirus (3) system. Thus, most of the
integrase expressed from vMPD50 is found in the nuclear pellet following low-speed centri-
fugation (850 x g for 5 min). Sonic disruption to fragment nuclei in the cell lysate fails to
prevent rapid sedimentation of integrase, indicating that integrase is part of a large aggre-
gate and is not simply a soluble protein trapped inside nuclei.

Although 4M urea has been reported to solubilize baculovirus-expressed integrase (4,
8); in our hands it had a marginal effect on solubilization. Higher concentrations (up to 6
M) were more effective. Once integrase has been solubilized, most of it remains soluble
upon dilution into 3.5 M urea, but this fraction gradually decreases as the urea concentra-
tion is lowered. At concentrations below 1.0 M urea, little integrase remains in solution.

Others (30) have reported solubilization of integrase expressed in E. coli using high
concentrations of NaCI. We found that 0.8 M NaCI solubilized baculovirus-expressed
integrase, but only in the presence of both deoxycholate and dithiothreitol. In this situation
integrase rapidly precipitated following dilution or dialysis. We also found that integrase
could be solubilized by treatment with 0.5 M NaHCO3/Na2CO3 at pH 10. This method
requires dithiothreitol but not deoxycholate.

F. Analysis of HIV-1 circle junction sequences from infected with cells: sub-
strates for Integration. When we began this work, the circular form of the viral DNA was
still believed to be the precursor for integration. In addition, neither the precise sequence
of the circle junction nor the number of bp removed during integration were known for cer-
tain, because HIV-1 differs from all other retroviruses in the placement of the minus strand
tRNA primer relative to the end of the LTR (1 bp away rather than the usual 2 bp [32]).
We (16) and others (18, 23, 31, 39) have now demonstrated, using PCR amplification of
HIV-1-infected cells, that HIV-1 viral DNA contains 2 bp at each end that are absent from
the proviral sequence. Our results differ from some of the other reports in that we detected
a high proportion of larger deletion and insertion mutations at the circle junction. This was
due to the fact that we did not pre-select our clones for size, and it indicates that a
significant proportion, about 50%, of unintegrated circular HIV-1 DNA contains mutant cir-
cle junction sequences. A reprint describing this work is attached (Hong et aL, Appendix
2).

--
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From this work, we also developed DNA substrates, both linear and circular, that can
be used in assaying biochemical functions of integrase. The wild-type circle junction
sequence contains a Scal site precisely at the circle junction; thus cleavage of circle
junction-containing plasmids with Scal generates a linear minivirus that carries LTR
sequences at both ends. Small fragments containing only U5 or U3 sequences can also
be obtained from these clones.

G. 3' trimming activity of recombinant integrase. Integrase prepared from E. coil
carrying pLJSl0, solublized by treatment with 4M urea and purified by butyl sepharose
chromatography, was assayed for 3' trimming activity as shown in Fig. 2. (4, 8, 17, 30),
using a 5'-end labeled, double-stranded oligonucleotide substrate corresponding to the
end of U5. 3' trimming of 2 nucleotides is clearly seen in lane 2. In addition, a strand
transfer reaction, representing integration of one oligonucleotide substrate into another,
occurs, resulting in reaction products of higher molecular weight than the oligonucleotide
substrate (lane 2). The reaction is dependent upon MnCl2 (lane 3) and MgCI 2 cannot sub-
stitute (not shown). Integration also occurs with a pre-trimmed substrate (not shown). The
appearance of several products of discrete length suggests that there are preferred sites
for integration within the oligonucleotide; this specificity is under investigation.

H. In vivo integration assay. We are developing an in vivo integration assay similar
to those described by Brown et aL (1) and Craigie et al. (3). In the published assays,
integration of a linear minivirus molecule into lambda DNA is detected by virtue of a select-
able marker on the minivirus. Following the in vitro integration reaction, the lambda DNA is
packaged using packaging extracts, and it is then transfected into E. coil. To omit the
costly and difficult lambda packaging step, we are developing a system that uses instead a
plasmid target that cannot replicate in E. coil unless the integration reaction occurs. The
integration substrate carries a Kmr marker, selectable in E. coli, adjacent to a fragment
containing the circle junction. These DNA elements are cloned to a plasmid of Staphylo-
coccus aureus, pE12 (24), that cannot replicate in E. coli. This plasmid was constructed
by subcloning a 243 bp KpnI-Hindlil fragment containing the circle junction to pBluescript
KSII+, cloning a kanamycin resistance gene (Pharmacia GenBlock) adjacent to the circle
junction sequences at the EcoRI site, and then subcloning a 1.9 kb Pvull fragment contain-
ing the Kmr gene, the circle junction sequences, and 223 bp derived from pBluescript, to
the unique Avil site in pE12 (Fig. 3).

We have constructed two plasmids. One contains the wild-type circle junction frag-
ment, which has a unique Scal site precisely at the LTR-LTR boundary. Cleavage by Scal
thus produces a blunt-ended substrate with the correct ends. In the second substrate the
Scal site has been replaced by a unique Ndel site; cleavage by Ndel produces a linear
DNA with a 2-bp, 3' overhang (i.e. a pre-trimmed substrate). This substrate was described
by Craigie et a. (3). Although the 2 bp overhang is of the correct polarity, the nucleotide
sequence is not exactly correct, which may account for the aberrant integration junctions
sometimes observed with this substrate (3). The Ndel substrate should be useful for distin-
guishing integrase mutants which may be unable to trim the 3' end of the substrate but
which may retain integration activity with a pre-trimmed substrate. We have constructed
both donor molecules (Scal and Ndel varieties) consisting of the Kmr cassette and the cir-
cle junction cloned into pE12. The target molecule is a 6.2 pGEM1 clone containing an
insert of part of the MuLV env gene. Kanamycin resistant colonies arising after the in vitro
integration reaction and transformation into E. coil will contain integrants of the pE12 con-
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struct into the target. Tests of this bioassay for integrase activity are now underway.
I. Inhibition of bacteriophage growth by expression of HIV-1 integrase In E. coil.

We have discovered that expression of integrase under control of the T7 promoter inhibits
growth of the single stranded DNA and RNA viruses M13 and R17, respectively. The
effect is proportional to the level of integrase expression. The basal level of integrase pro-
duced by an uninduced culture of E. coil HMS174 F' (DE3) carrying pLJS10 was sufficient
to totally inhibit plaque formation by M13 (>1010 fold reduction in PFU). When the level of
constitutive integrase expression was reduced by including in the host the T7-lysozyme-
producing plasmid pLysS to inhibit T7 RNA polymerase, the number of plaques was nor-
mal (3-8x10 11/ml). However, the plaques were unusually turbid. Even lower levels of
integrase were produced in a host carrying pLysE from which higher levels of lysozyme are
produced. In this case normal numbers of clear plaques were formed. Inducing integrase
expression in the pLysE strain with 1 mM IPTG resulted in the formation of tiny, turbid
plaques at 50-fold lower frequency. The results of one experiment are summarized in
Table 1; integrase production by these cells is shown in Fig. 1, lanes 9-14. Similar results
were obtained with the single-stranded, male-specific RNA phages R17 and Q, while the
double-stranded DNA phages P1 and T4 were not inhibited. Two common features of the
bacteriophages inhibited by integrase expression are that their genomes are single
stranded nucleic acids and that they depend on F pill for adsorption. Because the proteins
of the filamentous and RNA bacteriophages are so different, the mechanism of inhibition is
unlikely to involve direct protein-protein interactions between integrase and bacteriophage
proteins. Rather, an indirect effect on bacteriophage replication mediated by binding to the
phage genome, or an effect on the host's F pill, would be more likely explanations.

We have attempted to rule out the second possibility by analyzing the conjugal ability
of E. coil strains expressing integrase. Two integrase-producing strains carrying different
F' factors were tested in crosses with F- strains; both had normal transfer frequencies.
Generally, mutations in traA (the gene encoding pilin, the structural protein of the F pilus)
that affect adsorption of both the DNA and RNA phages also reduce conjugal transfer.
This strongly suggests that the F pili in integrase-expressing cells are normal, although
there are some uncharacterized mutations in traA that generate resistance to the RNA
phages without affecting conjugation (40).

Regardless of the mechanism of inhibition, it is not exerted upon all single-stranded
DNA entering the cell, as shown by the fact that conjugal transfer efficiencies of F'
plasmids to F-, integrase-expressing recipients are normal. Thus, incoming, single-
stranded F' DNA is in some way protected from the effect of integrase.

Another, trivial, explanation was that the formation of inclusion bodies by integrase
might somehow inhibit bacteriophage infection by a mechanism totally unrelated to its nor-
mal biochemical functions. To test this, we examined the effects of a plasmid expressirg a
truncated form of integrase (pBLE11), which also forms inclusion bodies. M13 plated nor-
mally on hosts expressing the truncated protein (Table 1; Fig. 1, lanes 13 and 14), sug-
gesting that the presence of inclusion bodies per se is not the determining factor for the
inhibition. This experiment also reveals that the N-terminal domain of integrase lacks this
activity. IPTG was included in this experiment to increase the expression of truncated
integrase to a level similar to that of the uninduced wild-type protein, since the basal level
of expression of the truncated protein is considerably lower than that of wild-type integrase.
Although induction with 4 LM IPTG caused some inhibition of growth of the bacterial lawn.
plaques were formed at all dilutions of the phage.

-9-
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Experiments with M13K07 (37), an M13 derivative carrying a kanamycin resistance
gene, suggest that integrase may exert its effect early in the phage life cycle. Cells
infected with M13K07 form colonies on plates containing kanamycin. Colony formation fol-
lowing infection of integrase-expressing cells with M13K07 was inhibited about 100-fold
compared to infection of non-integrase-expressing hosts. The level of phage production
from isolated Kmr colonies was then determined. Phage production from colony to colony
varied over a wide range, but there was no significant difference between integrase-
expressing and non-expressing hosts. Thus, establishment of infection appears to be the
critical step: once a Kmr (infected) colony forms, phage is produced at a normal rate. This
conclusion is supported by a preliminary pulse-labeling experiment in which RFI synthesis
in the integrase-expressing strain was decreased at least 5-fold compared to the control,
and no single-stranded DNA was synthesized. Other preliminary experiments show that at
least some of the inhibitory effect is on conversion of single stranded DNA to RF DNA:
integrase reduces the yield of phage arising from transfection with single stranded phage
DNA more than it reduces the yield from RF DNA.

The finding that plaque formation is so much more stringently inhibited than is colony
formation (>10 logs vs. 2 logs) is not unexpected; once infected with M13K07, each
infected cell should give rise to a colony, whereas a plaque can form only if the surround-
ing cells are also susceptible to infection. That the background of Kmr colonies represents
leakiness of inhibition rather than modification of the phage is shown by the fact that the
M13K07 phage produced by these colonies do not form plaques on pLJS10-containing
strains. We feel that this bacteriophage system is a promising approach for selection of
integrase mutations, for screening of inhibitors of integrase, and for identification of new
biochemical functions of integrase.

J. Anti-integrase Ribozymes. Ribozymes are RNA molecules that catalyze RNA
cleavage. We designed a ribozyme directed against the HIV-1 integrase RNA at a position
corresponding to nt 4027-4029 of the BH10 strain of HIV-1. Ribozyme a was synthesized
in vitro by transcription from a bacteriophage T7 promoter. Ribozyme P is identical to ribo-
zyme a except for the addition of a T7 transcription terminator at the 3' end; it was syn-
thesized in vivo from a plasmid introduced into E. coil. Ribozyme A contains a single
guanosine residue in place of the 22 nt catalytic domain of ribozyme 0; it was used as a
control for antisense effects.

Ribozymes a and 0, both prepared in vitro, cleaved a 2,000 nt long target RNA con-
taining the integrase gene into fragments of 1,500 and 500 nt. The reaction was much
more extensive at 500C than at 370C. When ribozyme P and and integrase mRNA were
simultaneously induced in vivo, the ribozyme cut its target. This led to destruction of the
target RNA and blocked production of the integrase protein. Cleavage products were not
recovered, probably due to their rapid degradation by ribonucleases. When the substrate
mRNA was preinduced to allow its accumulation prior to expression of the ribozyme, the
smaller of the cleavage products could be detected. Ribozyme AP, lacking the catalytic
domain, caused only a slight reduction in the amount of int mRNA present compared to the
controls. Thus, ribozyme P3 is extremely efficient inside E. coli, at 370C, and the effect is
not due to antisense properties. These results are detailed in the accompanying
manuscript (Sioud and Drlica, Appendix 2) which has been accepted for publication in the
Proceedings of the National Academy of Sciences.
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CONCLUSIONS
We set out to develop in vitro assays for HIV integrase. We succeeded at this, and in

addition we have discovered an in vivo screen for integrase in E. coli. Moreover, we have
been able to demonstrate that a ribozyme aimed at an HIV gene is effective in E. coil,
opening the way to to use this organism in the refinement of other ribozymes. Specific
conclusions from our work are listed below.

A. Carboxy terminal processing does not occur with HIV-1 integrase, justifying
the expression strategies used by ourselves and others.

B. HIV-1 circle junctions contain two additional base pairs compared to the
integrated provirus. Like other retroviruses, HIV-1 integration results in the removal of 2
bp from the ends of the linear viral DNA. A significant fraction of the circular DNA present
in infected cells contains abnormal circle junction sequences, which are most easily
explained as arising via mispriming errors by reverse transcriptase. This work resulted in a
publication (Hong et aL, J. Virology vol. 65, pp. 551-555; Appendix 2).

C. Integrase expression. We have expressed integrase in two ways in eukaryotic
cells. Cells expressing only integrase produce large amounts of protein while cells
expressing the entire pol gene produce little protein and are less viable. We confirmed
that active integrase can be expressed in E. coil cells.

D. Solubilization of integrase. We have developed alternate solublization methods
for integrase which produce higher yields of soluble protein than published methods;
whether integrase activity is affected by these methods is not yet known.

E. Assays for integrase activity. In a Mn++-dependent reaction, integrase
expressed in E. co/i trims 2 bp from the 3' end of double-stranded oligomeric substrates
corresponding to the ends of the HIV-1 LTR (US or U3). With different preparations, this
reaction is between 20 and 80% complete. A strand transfer reaction in which one oli-
gonucleotide is inserted into another is also observed, and there appears to be some site-
specificity for this reaction. Plasmid constructions for an in vivo assay have also been
prepared.

F. Bacteriophage inhibition assay. We have discovered that integrase blocks infec-
tion of E. coil by single-stranded DNA and RNA bacteriophages. Although we have not yet
determined the mechanism(s) by which integrase blocks phage growth, the magnitude of
the effect (10 orders of magnitude) makes this a promising approach for screening inhibi-
tors of integrase. The method is simple, reliable, and can be automated. Since live cells
are required for the assay to work, any inhibitor that kills cells will be eliminated from con-
sideration. This may be advantageous, since such compounds may be expected to have
harmful side effects in humans. The assay can also be used to select integrase mutants
that are unable to inhibit phage replication; studies of such mutants will provide further
information of functional domains of the integrase protein.

G. Anti-integrase ribozymes. Ribozymes that prevent the expression of HIV-1
integrase inside E. coli have been developed. These results support the concept that ribo-
zymes have therapeutic potential. Furthermore, the demonstration that an HIV-1 RNA tar-
get can be eliminated in bacteria provides an important option for refining antiviral ribo-
zymes, since powerful genetic selection can be brought to bear on developing more
effective ribozymes.
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Figure 1. Expression of Integrase in E. coil.

Panel A, Coomassie stained 13% PAGE gel; Panel B, Western blot developed with AIDS

patient's serum. Molecular weight markers are indicated by short horizontal lines. Arrows show the

locations of wild-type integrase (32 kDa), truncated integrase (16.4 kDa) produced by pBLE11 (lanes

13 and 14), and an 18.4 kDa protein derived from an internal start in int (visible in lanes 1-3, 4-6,

10; [15]). The additional prominent bands in lanes 11 and 12 are proteins derived from pLysE.

Lanes 1-8: cells (derivatives of F' HMS174 [DE3]) were induced with 1 mM IPTG in M9

medium for the times indicated. Aliquots were centrifuged and the pellets were suspended in 1 X

SDS loading buffer (28). Each lane contains the protein from the equivalent of 5xl0 'cells. Lane 1,

pLJS1O (integrase), time 0 (no IPTG); lane 2, pLJS10, 1.5 hr induction, lane 3, pLJS10, 3 hr

induction; lane 4, pLJS10 and pLysE, no induction; lane 5, pLJS10 and pLysE, 1.5 hr induction: lane

6, pLJS10 and pLysE, 3 hr induction; lane 7, pLJS1O and pLysS, no induction; lane 8, pLJS10 and

pLysS, 3 hr induction.

Lanes 9-14: cells were plated in 3 ml B top agar on LB plates for titration of M13 plaques.

Plates included IPTG where indicated. After overnight incubation, cells were scraped from the lawn

and lysed as above. M13 titres from these plates are shown in Table 1. Lane 9, F' HMS174 (DE3)

host, no plasmids; lane 10, pLJS10 (integrase); lane 11, pLJS10 and pLysE; lane 12, pLJS10 and

pLysE plus 1 mM IPTG; lane 13, pBLE11 (truncated integrase); lane 14, pBLE11 plus 4 14M IPTG;

lane 15, molecular weight markers.

-14-



E. Murphy, Ph.D. Contract No. DAMD17-88-C.8126

1 2 3

Figure 2. 3' trimming and integration assay.
Substrate DNA was prepared by annealing a 5'-end labeled synthetic oligonucleotide

(5'- CCTTTTAGTCAGTGTGGAAAATCTCTAGCAGT-3') corresponding to the U5 end of
HIV-1 with a complementary oligonucleotide. Integrase reactions (modified from [4, 30])
contained I pmol substrate DNA, approximately 30 pmol partially purified integrase protein,
20 mM MOPS buffer, pH 7.0, 50 mM potassium glutamate, 10 mM beta-mercaptoethanol,
and 10 mM MnC 2. Reactions were incubated at 370C for 2 hours, terminated by the
addition of 2 gl 0.5M EDTA, and evaporated to dryness. The reaction pellet was
resuspended in loading buffer (95% formamide, 20 mM EDTA, 0.05% xylene cyanol,
0.05% bromophenol blue) and loaded on a 20% denaturing acrylamide gel. Lane 1,
integrase omitted; lane 2, standard reaction; lane 3, MnCl 2 omitted. Upper band, 32-mer
substrate; lower band, 30-mer trimmed substrate. Diffuse larger molecular weight bands in
lane 2 represent products of the strand transfer reaction.
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PvuIIIAviI 1;44111

P I Pvul 754

Hindlll 3423

- Substrate for

Figure 3. Restriction map of substrate plasmid for in vivo Integration assay. A 1.9
kb Pvull fragment containing a kanamycin resistance gene (white), a 243 bp circle junction
sequence (black) and 223 bp derived from pBluescript (white) was cloned to pE12 (gray) at
that plasmid's unique Avil site. The integration assay is described in the text.
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TABLE 1

M13 INFECTION OF INTEGRASE-EXPRESSING CELLS

Lane No. Plasmid to Integrase [IPTGJ Integrase Relative Plaque
Fig. 1 suppress T7 plasmid expression M13 titer morphology

RNA polym.

9 - - NA 1.0 turbid

10 - pLJS1o - ++-+ <I 1 0  -

- pLysE - - NA 1.0 clear

11 pLysE pLJS10 - + 1.1 clear

12 pLysE pLJS10 1 mM .... 2x10 - 2  turbid, small

13 - pBLE1 1 - + 0.5 turbid

14 - pBLE11 4 .iM ++++ 0.5 turbid

M13 titers are normalized to the plasmidless host HMS174 F' (DE3I (2.5x1010 PFU/ml).
Integrase production from cells taken from these plates is shown in Fig. 1. pLJS10
expresses wild-type integrase; pBLE11 expresses a 16.4 kDa N-terminal fragment of
integrase. NA, not applicable. Note that plaque morphology comparisons are
probably significant only among strains carrying the same pLys plasmid, because of
the increased susceptibility of cells to lysis caused by the presence of T7 lysozyme
(34).
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